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Summary 
ZAP-70 and Syk are PTKs required for TCR and BCR 
function, respectively. Loss of the Syk PTK results in 
a nonfunctional BCR. We provide evidence here that 
ZAP-70 and Syk are functionally homologous in antigen 
receptor signaling by demonstrating that expnruion 
of ZAP-70 in Syk B ceils reconstitutes BCR function. 
Reconstitution required the presence of functional Src 
homology 2 (SH2) and catalytic domalns of ZAP-70. 
Thus, drug targeting of a single SH2 domain within 
ZAP-70 should be sufficient to inhibit hematopoietic 
antigen receptor function. In addition, we demonstrate 
that both ZAP-70 and Syk can bind directly to the phos- 
phorylated iga and lgp subunits with affinities compa- 
rable to their binding to the TCR CD% subunit. These 
data suggest that ZAP-70 and Syk are comparable in 
their abilities to mediate hematopoietic antigen recep 
tor signaling. 
Introduction 
A cascade of protein tyrosine kinases (PTKs) is activated 
following engagement of theT and B cell antigen receptors 
(TCR and BCR, respectively; reviewed by Perlmutter et 
al., 1993; Cambier et al., 1994; Chan et al., 1994a; Weiss 
and Littman, 1994). TCR signaling leads to activation of 
the Src family of PTKs, Ick and fyn, which appear to phos- 
photylate the CD3 and t; subunits (Danielian et al., 1992; 
Tsygankov et al., 1992; Burkhardt et al., 1994b). Phos- 
phorylation of the two tyrosine residues within a 16 aa 
activation motif (YXXL XGaYXXL, termed immunoreceptor 
tyrosine-based activation motif (ITAM) and previously des- 
ignated as antigen recognition activation motif (ARAM), 
tyrosine-based activation motif (TAM), or antigen receptor 
homology 1 motif (ARHl), that is conserved in all of the 
signaling subunits of the TCR, provides the structural ba- 
sis for the recruitment of the Syk family of PTKs, ZAP-70 
and Syk (reviewed by Samelson and Klausner, 1992; 
Weiss and Littman, 1994; Cambier, 1995). Loss of Ick, 
fyn, or ZAP-70 function as a result of homologous recombi- 
nation, chemical mutagenesis, or spontaneous mutations 
results in abrogation of TCR function, arrested thymic d 
veiopment, or both (Appleby et al., 1992; Karnitz el E 
1992; Moiina et al., 1992; Stein et al., 1992; Straus ai 
Weiss, 1992; Arpaiaet al., 1994; Chan et al., 1994b; Eld 
et al., 1994). BCR signaling results in the activation of S] 
Btk, and multiple Src family PTKs, including lyn, blk, fi 
and Ick (Burkhardt et al., 1991; Campbell and Seftc 
1992; Yamanashi et al., 1992; de Weers et al., 19s 
Saouaf et al., 1994; reviewed by Cambier et al., 199 
The latter Src family PTKs are thought to phosphorylc 
the Iga and lg@ signaling subunitsof the BCR. Phospho 
lation of a similar ITAM in these two subunits is presum 
to provide the structural basis for the recruitment of Syk 
the activated receptor (reviewed by Cambier el al., 199 
Loss of lyn or Sykas a result of homologous recombinati 
in a chicken B cell line (DT40) results in loss of BCR fui 
tion (lakata et al., 1994). 
Moreover, the Src and Syk families of PTKs interacl 
a cooperative manner to effect signal transduction. In CC 
cells, both families of PTKs appear to be required for 1 
efficient induction of cellular tyrosine phosphoprote 
(Chan el al., 1992; Couture el al., 1994; lwashima et 
1994; Kurosaki et al., 1994). In addition, Ick associa 
with ZAP-70 following TCR cross-linking; an interact 
that is mediated by the SH2 domain of Ick (Duplay et 
1994). However, the functional significance of this inter 
tion remains unclear. 
The Syk family of PTKs consists of ZAP-70 and S 
and is structurally characterized by the presence of 1 
tandemly arranged SH2 domains and a C-terminal ci 
lytic domain (laniguchi et al., 1991; Chan et al., 19s 
While the structural features of ZAP-70 and Syk are hig 
homologous (- 60% amino acid identity), their patter1 
expression significantly differ. ZAP-70 expression is I 
ited to thymocytes, peripheral T cells, and natural ki 
cells (Chan et al., 1992, 1994c) and Syk is expressec 
B cells, thymocytes, mast cells, platelets, and neutrop 
(Taniguchi el al., 1991, 1993; Hutchcroft et al., 199 
1992b; Agarwal et al., 1993; Law el al., 1993; Chan et 
1994c; Couture et al., 1994; Minoguchi el al., 1994) 
some T cell lines in which both ZAP-70 and Syk are 
pressed, both PTKs can associate with the TCR foIloH 
receptor engagement (Chan et al., 1994c; Couture et 
1994), although some differences have been obserc 
While ZAP-70 requires Ick for its phosphorylation, Syk 
been reported to undergo tyrosine phosphorylation ir 
Ick-independent manner in both T cells and COS c 
(Kolanus et al., 1993; Couture et al., 1994). In contr 
we have previously reported that coexpression of Syk \ 
the Src family of PTKs is required for Syk tyrosine pl 
phorylation and the efficient induction of cellular tyro! 
phosphoproteins (Chan et al., 1994c; Kurosaki et 
1994). 
It has been recently proposed that ZAP-70 and Syk st 
distinct functions in receptor signaling (Mustelin, 19 
To evaluate whether ZAP-70 is functionally homolog 
to Syk, we analyzed whether ZAP-70 could functio 
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Figure 1. Expression of Human ZAP-70 in Syk B Cells 
Cells were transfected with acDNA encoding human ZAP-70 in pApuro 
and selected in puromycin. ZAP-70 expressing clones (9) were ana- 
lyzed by Western blotting with an anti-ZAP-70 MAb (2F3.2). of which 
five are shown in this figure. The parental DT40 (Syk+) and Jurkat cells 
are shown for comparison. Two Syk- clones (IA4 and 4D7) which 
expressed the antibiotic resistance gene are also shown which do not 
express ZAP-70. 
Syk-deficient (Syk-) B cells. In addition, we quantitated 
the structural basis for the interaction of the SH2 domains 
of both ZAP-70 and Syk for the ITAMs present in the Iga, 
lgb, and the CD3& subunits. The requirement for this SH2- 
phosphotyrosine interaction is demonstrated in that both 
SH2 domains of ZAP-70 are required for efficient ZAP-70 
function in lymphocytes. Finally, we demonstrate the re- 
quirement for the catalytic activity of ZAP-70 in lymphocyte 
function. 
Reconstltutlon of Syk-Df40 B Ceils with ZAP-70 
To determine whetherZAP- can function in Syk- B cells, 
cells were transfected with wild-type human ZAP-70 and 
selected in puromycincontaining media. The parental 
Syk- B cells are unable to induce cellular tyrosine phos- 
phoproteins, mobilize cytoplasmic calcium or inositol 
phosphates in response to BCR cross-linking and do not 
express ZAP-70 mRNA or ZAP-70 protein as detected by 
Northern or Western blot analysis, respectively (Takata 
et al., 1994; data not shown). Nine stable clones were 
established that expressed varying levels of human ZAP- 
70, of which five are shown in Figure 1. In all clones exam- 
ined, the level of ZAP-70 expression was not significantly 
greater than that present in Jurkat cells. The ability of 
these clones to induce cellular tyrosine phosphoproteins 
following BCR cross-linking was examined (Figure 2A). As 
previously described, while cross-linking of the BCR in the 
parental DT40 B cell results in the induction of a number 
of cellular tyrosine phosphoproteins (Takata et al., 1994; 
Figure 2A, lanes 7 and 8), cross-linking of the BCR in Syk- 
B cells (clone lA4 that expresses no ZAP-70) induced only 
a few cellular tyrosine phosphoproteins (Figure 2A, lanes 
5 and 8). Expression of ZAP-70 in Syk B cells, however, 
reconstituted the induction of a number of cellular tyrosine 
phosphoproteins (Figure 2A, lanes l-4). In particular, 
ZAP-70 wastyrosine phosphorylated following BCR cross- 
linking and coimmunoprecipitated with an -31,000 Mr 
tyrosine phosphoprotein, which likely represents the phos- 
phorylated Iga subunit (Figure 2B), but the lack of available 
antibodies to the chicken BCR associated chains made 
it impossible to confirm its identity. 
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Figure 2. Induction of Cellular Tyrosine Phosphoproteins 
(A) Reconstitution of BCR-mediated induction of tyrosine phosphoprc- 
teins by human ZAP-70. Cells (2 x lq of two ZAP-70 expressing 
clones (3F9 and 2A7) were stimulated with an anti-BCR MAb (M4) and 
cell lysates analyzed by Western blotting with an anti-phosphotyrosine 
MAb (4GlO; lanes l-4). Also shown in lanes 5 and 6 are clone IA4 
Syk cells that do not express ZAP-70, and in lanes 7 and 6 are the 
parental DT40 cells that express avian Syk. Molecular weight markers 
are designated on the left. 
(B) Induction of tyrosine phosphorylation of ZAP-7O.ZAP-70 immuno- 
precipitates from Syl- B cells or two ZAP-70 expressing clones (3F9 
and 12612) were stimulated with M4 and ZAP-70 immunoprecipitates 
analyzed by Western blotting with an antiphosphotymsine MAb 
(4610). 
In addition to the induction of cellular tyrosine phospho- 
proteins, the ability of ZAP-70 to mediate the mobilization 
of cytoplasmic calcium [Ca3 following BCR engagement 
wasanalyzed (Figure3). While theparental DT4Ocelldem- 
onstrated marked and sustained increases in [Ca-], folbw- 
ing BCR cross-linking, and the Syk- B cell demonstrated no 
significant increase in [Ca2f]I, two representative ZAP-70 
expressing clones analyzed (1262 and 2A7) resulted in 
rapid and sustained increases in [Ca”]i that were indistin- 
guishable from those of the wild-type DT40 cell. Treatment 
of cells with a control antibody (OKT8) resulted in no alter- 
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Figure 3. Reconstitution of BCR-Mediated Calcium Mobilization by 
ZAP-70 
Cells were loaded with Fura- and stimulated with either anti-BCR 
MAb(M4)oracontrol MAb(OKTB)asdescribed in Experimental Proce- 
dures. 
ations in [Ca”], (Figure 3). Thus, the biochemical events 
of proximal signaling, including BCR-induced tyrosine 
phosphorylation of cellular proteins, phosphorylation of 
ZAP-70, and mobilization of [Ca-]i, were reconstituted 
with ZAPdO. 
To assess the downstream effector functions further, 
we analyzed the ability of the wild-type DT40 B cell to 
induce interleukin-2 (IL-2) gene synthesis. Certain B cell 
lines secrete IL-2 and induce NFAT binding activity follow- 
ing BCR activation (Choi et al., 1994; Venkataraman et 
al., 1994). To determine whether the parental DT40 cells 
demonstrated a BCR-mediated induction of IL-2 gene syn- 
thesis and thus serve as a marker of downstream signaling 
function, we transfected DT40 cells with a luciferase re- 
porter gene regulated by the IL-2 promoter. In addition, 
we cotransfected cells with a WV-CAT construct and 
measured CAT activity to control for transfection effi- 
ciency. Unstimulated (DT40 and Syk) cells or cells treated 
with phorbol myristate acetate (PMA) or anti-BCR mono- 
clonal antibody (MAb) alone resulted in no significant IL-2 
gene induction (Figure 4; data not shown). Both DT40 and 
Syk- B-cells treated with ionomycin alone resulted in a 
less than O.Sfold increase in the induction of IL-2 promoter 
activity. This activity was markedly enhanced in DT40 cells 
treated with the combination of ionomycin and anti-BCR 
MAb (- 5fold, Figure 4). However, no IL-2 promoter activ- 
ity was induced in Syk- B cells with the combination of 
ionomycin and anti-BCR MAbs. In contrast, treatment of 
both DT40 and Syk- cells with the combination of PMA 
and ionomycin resulted in a 6- to 7-fold increase in IL-2 
promoter activity. Thus, consistent with the requirement 
for Syk for the induction of cellular tyrosine phosphopro- 
teins, induction of [Ca2+], and accumulation of inositol 
phosphates (lakata et al., 1994), Syk was required for the 
induction of IL-2 promoter activity. 
The development of this assay also provided us the op- 
01 40 *yk.- syk-IhZAP-70 .vk-,hUP-70 
Cl SF0 Sl lMl2 
Figure 4. Induction of IL-2 Gene Promoter Activity 
Cells transfected with IL-2 luciferase and CMV-CAT were analy 
as described in Experimental Procedures. Cells were divided equ 
48 hr following electroporation and treated with media, ionomyci 
PM), ionomycin (I PM) and anti-BCR MAb (M4.4 pglml), or PMA ( 
nglml) and ionomycin (1 PM). Cells were incubated at 37% fore 
lysed, and luciferaseand CATactivitymeasured asdescribed in Ex 
imental Procedures. The experiment shown is representative of tt 
independent trials. 
portunity to study the effect of ZAP-70 to induce dot 
stream effector signals. Expression of wild-type ZAP 
reconstituted the ability of the BCR to induce IL-2 prom< 
activity to a level comparable to that of the wild-type D 
cell (Figure 4). Thus, ZAP-70 can compensate for the 
feet in Syk as determined by the induction of cellular Q 
sine phosphoproteins, the mobilization of cytoplasmic I 
cium, and the induction of IL-2 gene expression. 
Interaction of Syk and ZAP-70 with the BCR ITAY 
Since ZAP-70 associated with an - 31,000 Mr tyroa 
phosphoprotein (see Figure 2B), which likely repres 
the phosphorylated Iga chain, we analyzed the rela 
affinities of ZAP-70 and Syk for the ITAMs encoded in 
Iga, lgp, and CD3E subunits. Peptides encoding the ITP 
in these three chains were synthesized in which both t 
sine residues within the ITAM were phosphorylated. F 
tides were purified with two cycles of high pressure lit 
chromatography to >99% homogeneity and their identi 
and purities confirmed by mass spectroscopy and 
NMR (data not shown). A biotinylated version of the Cl 
peptide was immobilized on avidin-coated sensor cl 
and the binding of fusion proteins consisting of gluts 
one-S-transferase (GST) fused to the two SH2 dome 
of ZAP-70 or Syk were studied by plasmon resonar 
Binding of ZAP-70 or Syk fusion proteins to the imm 
lized CD3E ITAM peptide increases the mass presen 
the sensor chip, which is measured as an increase in n 
nance units (Figures 5A and 5B). To measure their rela 
affinities, increasing amounts of nonbiotinylated Iga, 
and CD& peptides were used to compete for ZAP-70 b 
ing (Figures 5A and 58; data not shown). The slope 
these binding curves (dR/dt) were then analyzed as a fl 
tion of the competing peptide concentrations (Figures 1 
Both Iga and IgB peptides competed comparably for 
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Figure 5. Affinities of Iga and Igp ITAMs for ZAP-70 and Syk 
A biotinyfated CDSs peptide phosphorylated on both tyrosines within 
the ITAM is immobilized on avidin-coated sensor chips. Surface plas- 
mon resonance measurements as described in Experimental Proce 
dures were determined for GST fusion proteins containing the SH2 
domains of either ZAP-70 or Syk. In the competition experiments 
shown in (A) and (B), increasing amounts of nonbiotinyfated Iga and 
lgf3 peptides also phosphorylated on both tyrosine residues within the 
ITAM were preincubated with GST-ZAP.7O(SHP[NC]). The slope of 
the binding curves (dR/dt) was determined and the degree of inhibition 
graphedasafunctionoftheinhibitingpeptideconcentrationsforGST- 
ZAP-7O(SHP[NC]) and GST-Syk(SH2[NCn ([Cl and ID], respectively). 
binding of ZAP-70 (Figure 5C). Similar results with the Syk 
fusion protein demonstrated similar affinities of the Iga 
and lgfl ITAM peptides for Syk binding (Figure 5D). The 
nonbiotinylated CD3s peptide also competed in an equiva- 
lent fashion as the Iga and Igf3 peptides for both ZAP-70 
and Syk(data not shown). These datademonstrate a direct 
binding of ZAP-70 and Syk to the phosphorylated ITAMs 
encoded within the Iga and Igf3 chains. Mutation of either 
SH2 domains within ZAP-70 markedly decreases the aff in- 
ity of ZAP-70 for the phosphorylated peptides (Isakov et 
al., 1995; Bu et al., 1995). Thus, it is likely that the binding 
of both SH2 domains of ZAP-70 are required for efficient 
BCR function. 
Requirement of the SH2 Domains and Catalytic 
Actlvlty of ZAP-70 in Lymphocyte Function 
To examine further the requirement of the two SH2 do- 
mains of ZAP-70 in a lymphocyte system, we transfected 
ZAP-70 molecules with mutations within each of the two 
SH2 domains into the Syk- 6 cells (SHP[N] and SHP[C] 
denotes the N- and C-terminal SH2 domains, respec- 
tively). R37 and R369 within each SH2 domain of human 
ZAP-70 were mutated to lysine residues. Loss of this argi- 
nine, which mediates the binding of the tyrosine phos- 
phate, results in a nonfunctional SH2 domain (reviewed 
by Pawson and Gish, 1992). Each SH2 domain mutation 
(SHPIN’C] and SH2(NC’] denotes mutations in the N-and 
C-terminal SH2 domains, respectively) was analyzed for 
the induction of IL-2 promoter activity by the combination 
of anti-BCR MAbs and ionomycin, by cotransfection with 
the IL-2 promoter-luciferase reporter gene into the Syk- 
cells. Consistent with the results shown in Figure 4 with 
the stable transfectants, wild-type ZAP-70 reconstituted 
BCR-mediated induction of IL-2 promoter activity to a level 
comparable to that induced by PMA and ionomycin in 
this transient assay (Figure 6A). Transfection of ZAP- 
70(SH2[NC’]), containing a functional SHP(N) and a non- 
functional SHS(C’), domain failed to induce any significant 
IL-2 promoter activity despite equivalent levels of protein 
expression when compared with wild-type ZAP-70 (figure 
SB). Interestingly, transfection of ZAP-70 SH2(N*C), con- 
taining a nonfunctional SHP(N’) domain but a functional 
SHP(C) domain, consistently induced a low level of IL-2 
promoter activity. Together with the BiaCore data pre- 
sented above, both SH2 domains of ZAP-70 are required 
for its efficient binding to the ITAMs of Iga and Ig9 and 
for lymphocyte activation. Furthermore, the low level of 
activity seen with the ZAP-70 SHP(N’C) mutation sug- 
gests that the two SH2 domains, while homologous in pri- 
mary sequence, are distinct in their abilities to mediate 
lymphocyte activation. 
Finally, we examined the requirement for the kinase ac- 
tivity of ZAP-70 for lymphocyte activation. Cotransfection 
of a kinase inactive ZAP-70 with wild-type Ick into COS18 
cells (that stably express the CD6/c chimera) gives rise to 
only a subset of cellular tyrosine phosphoproteins when 
compared with wild-type ZAP-70 (Iwashima et al., 1994). 
This suggested that ZAP-70 kinase activity contributed to 
the phosphorylation of a subset of cellular proteins. To 
examine the significance of ZAP-70 kinase activity to lym- 
phocyte function, we analyzed the ability of a kinase- 
inactive ZAP-70 molecule (designated ZAP-70[KD]) to re- 
constitute BCR-mediated induction of IL-2 promoter 
activity. Transfection of ZAPJO failed to induce BCR- 
mediated IL-2 promoter activity despite even higher levels 
of ZAP-70(KD) expression (Figures 6A and SB). Thus, 
ZAP-70 kinase activity is critical for lymphocyte function. 
Discussion 
We provide evidence here that ZAP-70 is functionally 
equivalent to Syk in BCR function. Expression of ZAP-70 
in the Syk- B cells reconstitutes BCR signaling properties 
as measured by induction of cellular tyrosine phosphopro- 
teins, tyrosine phosphorylation and association of ZAP-70 
with a 31,000 Mr protein that likely represents Iga, mobili- 
zation of cytoplasmic calcium, and induction of IL-2 gene 
promoter activity. Redundancy between the TCR and BCR 
activation mechanisms is underscored by studies in which 
BCR function can be reconstituted in T cells (Costa et al., 
1992; Burkhardt et al., 1994a). Transfection of the immu- 
noglobulin receptor with lgfl into T cells permits efficient 
surface expression of the immunoglobulin receptor and 
is sufficient for antigen-specific signal transduction (Costa 
et al., 1992). Moreover, cross-linking of chimeric receptors 
containing the cytoplasmic domains of Iga or lgj3 can medi- 
ate [Ca”], fluxes, IL-2 secretion, and tyrosine phosphoryla- 
tion of cellular proteins identical to those mediated by TCR 
activation (Law et al., 1993; Burkhardt et al., 1994a). Thus, 
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the signaling capacities of the TCRs and BCRs appear 
functionally homologous. The data presented here indi- 
cate that the PTKs that mediate this activation cascade 
are functionally equivalent. 
Two models have been recently proposed to describe 
the mechanistic activation of T and B cell receptors. In 
the first, the Src family PTKs, Ick, fyn, or both, phosphory- 
late the ITAMs on each of the TCR subunits, which in turn 
recruit ZAP-70lSyk in an SH2-phosphotyrosine-depen- 
dent manner. Association of ZAP-7OlSyk to the TCR re- 
sults in ZAP-7OISyk phosphorylation by Src PTKs permit- 
ting phosphorylation of additional downstream substrates 
(Weiss and Littman, 1994). A second model has been pro- 
posed in which Syk constitutively associates with the TCR 
and functions to activate the Src PTKs. Activation of the 
latter results in the phosphorylation of the antigen receptor 
signaling subunits to recruit ZAP-70 (Mustelin, 1994). This 
model proposes that ZAP-70 and Syk have distinct func- 
tions in T cell activation. Data presented in this paper are 
more consistent with the first model and suggest that ZAP- 
70 and Syk are functionally homologous and are recruited 
to the hematopoietic cell antigen receptors following acti- 
vation of a Src family PTK. Both PTKs mediate similar 
proximal (i.e., [Ca*+b, tyrosine phosphorylation of ZAP-701 
Syk) and distal (i.e., IL-2 promoter activity) signaling func- 
tions. Thus, both ZAP-70 and Syk should phosphorylate 
similar downstream substrates in their respective activa- 
tion cascades. The studies of Seed and colleagues (Kola- 
nus et al., 1993) in part support this hypothesis, since 
cross-linking of chimeric receptors containing Syk or co- 
cross-linking of ZAP-70 with fyn chimeras result in tyrosine 
phosphorylation of similar cellular substrates. Recent 
studies by Bolen and colleagues demonstrating that acti- 
vation of the Src family of PTKs temporally precedes the 
activation of ZAP-70 and Syk in T and B cells (Burkhardt 
et al., 1994b; Saouaf et al., 1994) provide additional sup- 
port for the first model (Weiss and Littman, 1994). 
Figure 6. Requirement for the SH2 Domai 
and Kinase Activity of ZAP-70 in Lymphoq 
Antigen Receptor Function 
Mutation of either SH2 domains in ZAP-70 
a kinase-inactive ZAP-70 were transier 
transfected into the Syk- B cells as descrit 
in Experimental Procedures. 
(A) IL-2 luciferase activity was measured a 
expressed as a percentege of the PMA a 
ionomycin response. The absolute luciferin 
tivity measured induced by PMA and ionomy 
for wild-type ZAP-XI, ZAP-M(SH2fN’CD, ZI 
70(SH2[NC’n, and ZAPe70(KD) were 20 
2692, 2331, and 2039, respectively. 
(B) Western blot analysis for ZAP-70 is she 
for the transient transfection of the four c 
structs. 
Similarities between ZAP-70 and Syk include their at 
ties to interact with phosphorylated receptor subun 
Based on the surface plasmon resonance studies p 
sented here, both PTKs bind to the doubly phosphoryla 
ITAMs of the Iga and lgf3 chains with similar affiniti 
Thus, any significant differences between the two Pl 
must be regulated by regions outside of the two SH2 
mains. Moreover, these studies extend our previous 
servations in fibroblasts (COS and Hela cells; Gauer 
al., 1994; lwashima et al., 1994), as well as with stud 
utilizing GST fusion proteins (Wange et al., 1993) i 
demonstrate that the efficient binding of both SH2 
mains of ZAP-70 to the tyrosine phosphorylated recef 
subunits is required for lymphocyte antigen receptor fu 
tion. Mutation of either SH2 domains within ZAP-70 at 
gated the ability of ZAP-70 to reconstitute fully the ind 
tion of BCR-mediated IL-2 promoter activity. This 
because the single SH2 domains have substantially lo! 
affinities toward the phosphorylated ITAMs (Isakov et 
1995; Bu et al., 1995). The presence of two SH2 dome 
cooperatively stabilizes the interaction of ZAP-70 as \ 
as Syk to the doubly phosphorylated ITAM. Interestin 
the presence of a functional SHP(C) domain was abll 
induce a low level of BCR-mediated IL-2 promoter acti! 
These data are consistent with studies of Syk whe 
mutation of either SH2 domains of Syk were unable 
reconstitute BCR-mediated increases in [Ca*l, or tht 
duction of cellular tyrosine phosphoproteins (T. K. et 
unpublished data). Similar to the partial response seen 
ZAP-7O(SHP[N*Cl), Syk(SH2[N’C]) but not Syk(SH2[N 
undergoes some degree of tyrosine phosphorylation 5 
BCR activation. These data have significant implicati 
for the intervention of lymphocyte antigen receptor fr 
tion and suggest that interruption of a single SH2 dom 
in particular the C-terminal SH2 domain, of ZAP-70 or 
should be sufficient for inhibiting TCR and BCR 
sponses, respectively. Finally, we have extended prev 
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studies in COS cells (Iwashima et al., 1994) and demon- 
strate that the catalytic activity of ZAP-70 is required for 
lymphocyte signaling. 
Patients deficient in ZAP-70 lack CD9’ peripheral Tcells 
and have nonfunctional CD4+ peripheral T cells (Arpaia 
et al., 1994; Chan et al., 1994b; Elder et al., 1994). It has 
been suggested that the maturation of these CD4+ periph- 
eral T cells may be the result of an aberrant maturation 
pathway and that their defect in TCR function may not 
result solely from the absence of ZAP-70 (Perlmutter, 
1994). These studies demonstrate that the absence of 
ZAP-70 or Syk is sufficient to abrogate antigen receptor 
function and provides additional evidence that ZAP-70 is 
important in TCR function and is likely to represent the 
sole defect in these patients. 
While our data suggests that the function of ZAP-70 and 
Syk is equivalent, some differences between these two 
PTKs have been described. Cross-linking of a Syk- 
containing chimera is sufficient to induce a variety of ef- 
fector functions. In contrast, a chimera encompassing 
ZAP-70 requires cocross-linking with a fyn chimera to ef- 
fect similar downstream signals (Kolanus et al., 1993). In 
addition, coexpression of Syk with Ick in COS cells repro- 
ducibly resulted in higher levels of cellular tyrosine phos- 
phoproteins when compared with the coexpression of 
ZAP-70 with Ick (Chan et al., 1994c). Thus, differences 
between ZAP-70 and Syk may exist in their catalytic activi- 
ties toward their downstream substrates. These differ- 
ences, however, were not reflected in significant differ- 
ences seen in the B cell system analyzed here. 
These studies also raise questions about the role of 
these two homologous PTKs in lymphocyte function. While 
both PTKs appear functionally equivalent within a cell, 
marked differences are seen in the pattern of tissue expres- 
sion and the developmental regulation of ZAP-70 and Syk. 
ZAP-70 is expressed in T and natural killer cells and Syk 
is expressed in B cells, thymocytes, platelets, and neutro- 
phils. In addition, while ZAP-70 expression is equivalent 
in both thymocytes and peripheral T cells, Syk protein 
levels are -4- to 5-fold higher in the thymus (Law et al., 
1993; Chan et al., 1994c). Thus, the regulation of ZAP-70 
and Syk differ, though the significance of this is unknown 
at this time. Potential differences between ZAP-70 and 
Syk may also have implications for T cell development. 
While members of the Src family of PTKs, Ick, fyn, and 
lyn, demonstrate minimal differences in mediating recep 
tor signaling, the phenotypes of Ick and fyn null mice are 
quite distinct. Lck or fyn, but not Src, can reconstitute lyn 
function in BCR signaling (Takataet al., 1994). In addition, 
Ick, lyn, and fyn mediate similar biochemical events, in- 
cluding the induction of ITAM phosphotylation, induction 
of cellular tyrosine phosphoproteins, and ZAP-7O/Syk 
phosphotylation and activation, when expressed in COS 
cells (Chan et al., 1992, 1994c; Kurosaki et al.,1994). In 
contrast, mice deficient in Ick, as a result of homologous 
recombination, have a pronounced arrest in thymic devel- 
opment with a lo- to 30-fold decrease in. total thymocyte 
number (Molina et al., 1992), while fyndeficient mice dem- 
onstrate no significant abnormality in thymic development 
(Stein et al., 1992; Appleby et al., 1992). Whereas studies 
of receptor signaling have not been able to demonstrate 
significant differences between members of the Src or Syk 
families of PTKs in receptor-mediated functions, differ- 
ences in effector pathways not examined, subtle differ- 
ences that are not apparent by the assays utilized, or addi- 
tional pathways that are mediated by these PTKs may 
provide distinct requirements for each PTK. Thus, while 
the phenotypes of ZAP-70 and Syk null mice are likely to 
be distinct in view of their marked differences in tissue 
distribution, whether Syk can reconstitute TCR-mediated 
cellular functions and T cell development in ZAP-70- 
deficient mice will provide additional insight into potential 
differences within this family of PTKs. 
Finally, while ZAP-70and Syk may be functionally equiv- 
alent for T and B cell receptor signaling, Syk may be func- 
tionally distinct in other receptor systems. Syk has been 
implicated in the signaling pathways of the high affinity 
IgE receptor (Fc&l; Hutchcroft et al., 1992a; Minoguchi 
et al., 1994), IgG receptors RI and II (Agarwal et al., 1993), 
granulocyte colony-stimulating factor receptor (Corey et 
al., 1994), the IL-2 receptor (Minami et al., 1995), and the 
thrombin receptor (Ohta et al., 1992; Taniguchi et al., 
1993). With the exception of Fc~Rly, these receptors do 
not contain a classic ITAM and their activation mecha- 
nisms may involve distinct features of the Syk PTK. 
Experlmental Procedures 
Cells, Peptldss, snd Antibodies 
DT4O and Syk- B cells were grown in RPM1 supplemented with 10% 
heat-inactivated fetal calf serum, 1% chicken serum (Sigma), 50 CM 
P-mercaptoethanol, glutamine, streptomycin, and pencillin (Takata et 
al., 1994). Peptides were purchased from Quality Controlled Biochemi- 
cals, Incorporated. Peptides were purified with two rounds of high 
pressure liquid chromatography lo >98% homogeneity. Mass spec- 
troscopy was used to confirm their identity and SIP-NMR was used to 
ensure that both tyrosine residues were in their appropriate phosphory- 
lated states. M4 is a MAb directed against the chicken BCR (courtesy 
of M. Cooper), 2F3.2 is an anti-ZAP-70 MAb (UBI). 4610 is an anti- 
phosphotyrosine MAb (UBI), and the anti-ZAP-70 immunoprecipitating 
antiserum used was raised against peptidwncoding amino acids 
282-307 of human ZAP-70. This anti-ZAP-70 antiserum does not 
cross-react with baculoviral produced Syk (data not shown). 
Constructlon ot Plasmlds 
A hemagglutinin-tagged version of human ZAP-70 was subcloned into 
the EcoRl and Sell sites of a modified version of the pApuro vector. 
The SH2(N) mutation was produced by polymerase chain reaction 
(PCR)-directed mutagenesis. Base pairs 317-320 of human ZAP-70 
wassubstituted from GCGC loTAAG, resulting in the introduction of an 
Aflll site to aid in the screening of products. This results in a conserved 
substitution of R37 to K within the SHP(N) domain. The SHP(C) domain 
mutation was constructed with a similar strategy by substituting base 
pairs 777-780 encoding GAGG to TAAG, which also results in the 
introduction of an Aflll site and a conserved change of R190 to K. 
The kinaseinactive ZAP-70 molecule was produced by substituting 
bp 1313 to 1318 from CAAG to ACGC utilizing PCRdirected mutagen- 
esis, which converts K389 to R. All constructs were confirmed by stan- 
dard DNA sequencing methods. 
The IL-2 luciferase construct contains nucleotides -2080 to +40 of 
the murine IL-2 promoter in pBSLuc and the CMV-CAT construct 
contains a 780 bp Bglll fragment containing the immediate early pro- 
moter region from cytomegalovirus in PBS-CAT (Szabo et al., 1993, 
courtesy of K. Murphy). 
Tmnsfectlon of Cells 
For stable transfections, 30 pg of DNA were electroporated into Syk- 
B cells as previously described (lakata et al., 1994). Cells were se- 
$A;-70 and Syk PTKs 
lected 48 hr following electroporation in media containing 0.5 pa/ml 
puromycin (Sigma). 
Transient transfections were performed by electroporating 10’ cells 
with 20 pg of IL-2-luciferase and 20 pg CMV-CAT as previously de- 
scribed (lakata et al., 1994). Cells were harvested at 48 hr and ana- 
lyzed as described in the text. Luciferase assays were perfomted using 
a Optocompll automated luminometer (MGM Instruments, Hamden, 
Connecticut) as previously described (Szabo et al., 1993). CAT assays 
were performed as previously described (Szabo et al., 1993). 
f3tlmulstlon of B Cells, Immunoprecltstlons, 
and Wsstern Blottlfy 
Cells were resuspended at lff/ml in phosphate-buffered saline for 15 
min at 37*C. Cells were then cross-linked with the anti-BCR MAb M4 
(2 &ml) for 2 min at 37OC, quickly sedimented at 8,ooO RPM and 
lysed for 15 min at 4OC in 10 mM Tris (pH 8.0) 150 mM NaCI, 1% 
NP-IO, 1 mM phenylmethytsulfonyl fluoride, 2 mM leupeptin, 3 mM 
peptstatin A, 5 mM EDTA, 0.4 mM NaVOs, and 10 mM NaF at 4*C. 
Cellular debris was sedimented at 14,080 RPM for 10 min at 4% 
and the supernatant harvested for subsequent studies. Protocols for 
immunopreciptations, SDS-PAGE. and Western blotting have been 
previously described (Chan et al., 1992). 
Ptssmon Resonance Measurements 
Binding experiments were performed utilizing BiaCORE (Pharmacia) 
plasmon resonance measurements according to manufacturer’s rec- 
ommendations. An N-terminal biotinylated peptide (2 ng) encoding 
NPDYPO,EPIRKGQRDLYPO,SGLNQ of the human CD3s chain was 
immobilized onto BA5 sensor chips. GST fusion proteins (10 pa/ml) 
containing the SH2 domains of ZAP-70 (amino acids 2-284, Chan et 
al., 1992) or Syk (amino acids 2-284, Law et al., 1993) were then 
infused at 5 rllmin at a constant temperature of 12OC. Any material 
remaining bound to the surface was removed with a 4 pl injection of 
0.05% SDS, which returned the resonance measurements back to 
the baseline value. For competition experiments, increasing amounts 
of nonbiotinytated peptide encoding the amino acids ENLYPO,EGLN- 
LDDCSMYPQEDISR of the Iga chain, amino acids DHTYPC‘E- 
GLDIDCTATYPO,EDIVTof the lg8 chain or amino acids NPDYPO,EP- 
IRKGQRDLYPO,SGLNQ of the CD3s chains were preincubated with 
the GST fusion proteins and analyzed in a similar fashion. All peptides 
were synthesized with both tyrosine residues phosphorylated within 
the ITAM. The slopes of the linear portion of association (dR/dt) over 
a 20 s period following binding was determined and the degree of 
inhibition in dR/dt graphed as a function of inhibiting peptide concen- 
tration. Any material remaining bound to the surface was removed 
with a 4 pl injection of 0.05% SDS, which returned the resonance 
measurements to baseline. 
Cslclum Fluorlmstry 
Cells were loaded with Fura- and calcium-sensitive fluorescence was 
monitored using a Hitachi F2000 Fluorescence spectrophotometer at 
wavelengths 340 nm and 540 nm. Cells were stimulated with soluble 
M4 MAb (2 &ml) or OKT8 (2 Kg/ml). Maximal fluorescence was deter- 
mined after lysis of the cells with Triton X-100; minimal fluorescence 
was obtained after chelation of [Ca-), with EGTA. 
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